ABSTRACT Three experiments were conducted to develop methods to control the amount of water loss and to evaluate the metabolic effects of water condition in the White Leghorn breeder eggs during incubation. One hundred twenty, 54, and 90 julia strain White Leghorn breeder eggs were incubated at 37.8°C, 60% RH in experiments 1, 2, and 3. In experiment 1, eggs were drilled with various bore diameters of 0, 0.5, 1, 2, 3, 4, and 5 mm on the blunt end of the eggshell. In experiment 2, 4 × 4 mm 2 windows were cut into the eggs or the eggs were drilled with 5 holes of bore diameter 2 mm on the blunt end of eggshell. In experiment 3, eggs were drilled with 1, 3, 5, and 7 holes of diameter 2 mm on the blunt end of eggshell. Eggs were treated on d 3 of each experiment and the amount of water loss was recorded on d 19 of incubation. Embryo growth was evaluated in experiments 2 and 3. In addition, the livers of embryos were collected in the 0-, 1-, 3-, and 5-hole treatment groups after weighing eggs to determine 3-hydroxy acyl coenzyme A dehydrogenase activity. In experiment 1, although higher water loss was observed in all windowed eggs than in control, there were no differences in amount of water loss among all bore diameters. Accordingly, that was not successful to control amount of water loss. In experiment 2, higher water loss was observed in drilled eggs at the same levels in windowed eggs as in control. Drilling holes was a more useful treatment to control amount of water loss on incubated eggs than windowing. In experiment 3, amount of water loss increased linearly with increasing number of holes on the blunt end of eggshell. Hepatic 3-hydroxy acyl coenzyme A dehydrogenase activity increased with increasing the number of drilled holes.
INTRODUCTION
Early nutrition, including embryonic nutrition, affects not only growth and immunity but also subsequent gene expression. It has been reported that early nutrition is affected by the maternal nutrition, in ovo feeding, early feeding posthatch, and incubational environment during embryonic development. Effects of maternal nutrition, early feeding, and in ovo nutrient administration on performance of chicks have been reported (Murakami et al., 1992; Ohta et al., 1999; Uni et al., 2005) , whereas there have been few studies about the influence of environment on nutritional metabolism during embryo development.
In the incubator, embryonic nutrition is affected by temperature, light, and humidity. It is well known that breeder eggs lose moisture during incubation. Thus, humidity during incubation was the focus of the present study. Ar and Rahn (1980) and Peebles et al. (2001) showed the relationship between water evaporation and content of lipids in developing eggs. Their results indicate that water evaporation from developing eggs affects composition and content of nutrients and nutrient metabolism. There are a few studies that investigated embryonic metabolism directly, whereas there are some studies that examined hatchability and osmoregulation. Ar and Rahn (1980) reported that bird embryos lose water from initial mass of eggs during incubation, and then, to develop and hatch successfully, more metabolic water is produced by oxidation of yolk lipids.
On the other hand, there are some studies that investigated the influence of water loss on embryonic growth and development. Simkiss (1980) increased water evaporation of eggs in the later period of incubation using 2 methods, the removal of allantoic fluid and the drilling of holes on the shell. Both methods were able to reduce extra water from developing eggs during incubation, but drilling holes on the shell was more efficient to evaporate more water. Davis and Ackerman (1987) conducted an experiment to increase water loss in the later period of incubation by improvement of the method of Simkiss (1980) . Davis and Ackerman (1987) suggested that the water content of developing embryos was reduced by increased water loss of eggs, whereas dry mass of water loss embryos did not decrease. Davis et al. (1988) showed that water loss during incubation caused increased movement of Ca + and Na + ions from allantoic fluid induced by active transport in the chorioallantoic membrane (CAM) and suggested that the embryonic osmoregulatory system responded to increase water loss during incubation.
These studies showed that more water evaporation from breeder eggs during the later period of incubation was achieved by drilling holes on the eggshell with low humidity of the incubator, which resulted in a decrease of water contents and changes in the osmoregulatory system in embryos (Davis and Ackerman, 1987; Davis et al., 1988) . These studies indicated any effects of water environment of breeding eggs but did not investigate metabolic evidence. Moreover, those studies were carried out under lower humidity than the normal condition and limited days of incubation. To apply the effects of water condition on embryonic development, the experiments should be carried out under relative normal conditions and throughout the incubation period. Therefore, to investigate relationship among water evaporation, embryonic nutritional metabolism, and embryo and postnatal growth, it is necessary to develop the methods to control quantity of water loss.
However, embryonic development might be affected by any environmental condition, such as temperature and light, which is usually different among any other incubator to a greater or lesser extent. In addition, it is too expensive to prepare several incubators.
There are 2 ways to increase water loss in breeder eggs during incubation using only 1 incubator. One is to drill several holes in the eggshell. Egg water loss was increased by drilling 5 to 8 holes in the eggshell over the air cell (Davis et al., 1988) . Amount of water evaporation was affected by several pores on eggshells rather than thickness of eggshell (Sahan et al., 2003) . Packard and Packard (1993) controlled water loss with the number of drilled holes from 0 to 3 holes. Drilling holes is useful to keep the same open area without some errors that occur by manipulation. It is easy to keep a constant size of hole and treat many eggs because diameter of the drill is directly related to diameter of the hole. Another application to control the amount of water loss is cutting windows with several diameters on the blunt end of the eggshell. Windowing on the eggshell is usually used for studying chicken chimeras (Furuta et al., 1999 (Furuta et al., , 2001 (Furuta et al., , 2007 (Furuta et al., , 2008 . It has been reported that windowing application on eggshell elevated water evaporation (Bednarczyk et al., 2000) . It is difficult to keep the same open area, and egg shape is not constant because artificial windowing application is not easy. Drilling holes made more treatment eggs than windowing. Hence, drilling holes was considerably better for this study, and 3 experiments were conducted to establish methods of investigating water loss.
MATERIALS AND METHODS

Birds
Three experiments were conducted utilizing 120, 54, and 90 fertilized commercial Layer eggs of a julia strain White Leghorn in experiments 1, 2, and 3, respectively. All eggs were obtained from the same breeder flock and were laid within a 24-h period. Eggs were weighed individually and divided into 7, 3, and 5 groups in experiments 1, 2, and 3, respectively. After that, eggs were incubated in the same incubator at 37.8°C and 60% RH for 19 d. The incubator turned the eggs automatically 6 times per day. On d 3 of incubation, experimental eggs were treated with drilling or windowing on each experiment. Egg weights were recorded on d 7, 14, and 19 of incubation to determine water loss per day. Eggs were candled individually on d 14 to monitor internal development.
On d 19 of incubation, all eggs from each group were cracked and contents of egg and embryo were collected after weighing eggs to obtain total water loss or measure water contents. Embryos were removed from the amniotic fluid and separated from the yolk sac. Samples were freeze-dried for analysis of water contents for experiments 2 and 3.
Treatments
Experiment 1 was conducted to evaluate the size of drilled holes on the shell of the blunt end. Layer breeder eggs were divided into 6 groups of 20 eggs each. A group of eggs without holes served as controls. Various holes were opened at the air cell at the end of the egg on d 3 of incubation using a drill 0.5, 1, 2, 3, 4, and 5 mm in diameter. One hundred fertile eggs were taken out of the incubator, the edge of the air cell was marked using a candling lamp and a pencil, and holes 0.5, 1, 2, 3, 4, and 5 mm in diameter were drilled through the shell and the outer shell membrane of each egg into the air cell 5 mm from its edge. This was done using a highspeed electric drill (Panasonic, Osaka, japan). The inner shell membrane in the air cell was not removed in all treatments. After that, eggs were incubated again and were turned as usual. Eggs were weighed from d 0 weekly until d 19 of incubation to assess water loss before and after introduction of the holes.
Experiments 2 and 3 were conducted to evaluate the application of the increasing water loss by drilling the layer eggshell during incubation. Experiment 2 was carried out to evaluate the effects of the number of eggshell holes when the total opening area was the same. Fifty-four eggs were divided into 3 groups of 18 eggs: the control group, windowed eggs, and eggs with the same average weight in each group. Eggs were treated to open the same size area; windows were 4 × 4 mm (i.e., 16 mm 2 ) and 5 holes were 2 mm in diameter (i.e., 15.6 mm 2 ) on the blunt end of eggshell. Drilling treatment was followed as in experiment 1. In the case of windowing treatment, the edge of the air cell was marked using a candling lamp and a pencil, a square was cut on the outer shell using a diamond cutter, and the outer shell membrane was removed from each egg with tweezers. In experiment 2, egg contents were sampled to investigate water contents.
Experiment 3 was conducted to evaluate the increase in water loss by increasing the number of holes in the eggs of layers during incubation. Ninety eggs were divided into 4 groups of 18 eggs in each group with the same average weight in each group. Different numbers of holes (1, 3, 5, or 7) 2 mm in diameter were created in the eggs by drills, and another 18 eggs were not drilled and observed as control. Drilling method was followed as in experiment 1.
In experiment 3, five egg contents and embryos were collected to evaluate effects of water evaporation on embryonic growth in groups drilled with 1, 3, and 5 holes and control. Egg contents were determined as in the shell removal egg without embryos, and embryos did not contain yolk sacs.
In both experiments 2 and 3, water contents were measured by placing all samples of embryo and egg contents in a freezer at −80°C. Those samples were placed in a freeze dryer, and all samples were dried until there was no further loss of mass.
Assay of 3-Hydroxy Acyl Coenzyme A Dehydrogenase Activity
In experiment 3, after weighing, 8 embryos in groups drilled with 1, 3, and 5 holes and control were randomly selected. The livers were collected immediately and assayed for 3-hydroxy acyl coenzyme A dehydrogenase (3-HADH) activity continuously.
Livers were isolated from chicken embryos on d 19 of incubation. Livers were trimmed of the gallbladder and weighed.
Liver and ice-cold 10% homogenized buffer (175 mM KCl/10 mM glutathione/2 mM EDTA, pH 7.0) were homogenized with a Poritoron homogenizer (Kinematica, Littau/Lucerne, Switzerland). The homogenate was then centrifuged at 1,600 × g for 10 min.
The supernatant was mixed with buffer A (167 mM Tris-acetate-EDTA/50 mM EDTA) and B (5 mM NADH in 0.01 mM NaOH) and then was incubated at 30°C for 3 min.
After mixing with acetoacetyl coenzyme A, samples were scanned at 340 nm for 3 min at 30°C. Liver protein concentration was measured by the dye method using the Bradford Method Protein Assay Kit (Bio-Rad, Hercules, CA; Bradford, 1976) .
Activity of 3-HADH was assayed as recommended by Leek et al. (1985) .
Statistical Analysis
Treatments were analyzed by ANOVA in experiments 1, 2, and 3 using the GLM procedure of SAS software (SAS Institute Inc., 2001) . Water losses by week in experiments 2 and 3 were analyzed by 2-way ANOVA. When differences among means were found, means were separated using Tukey's multiple range test. The comparison of survivability data was done by χ 2 test. Statements of significance are based on P < 0.05 unless otherwise stated.
RESULTS
Experiment 1
Drilled holes of 4 or 5 mm in diameter resulted in eggshells that were greatly cracked. When a 3-mm hole was created, there were small cracks around holes. Thus, it was not successful to create holes with diameters of 4 and 5 mm. Water loss was high in the eggs with 3-mm holes and holes with diameters of 3 mm were broken widely.
The other sizes of hole, from 0.5 to 2 mm, were relatively successful to create. Water loss was more increased with holes 2 or 3 mm in diameter than in controls (P < 0.05; Table 1 ). Mortality in all treatment groups was 90%. 
Experiment 2
The egg weights, survivability, egg contents, eggshell weights, and embryo weights are shown in Table 2 . Embryo weights on d 19 of incubation were decreased by both treatments (P < 0.05), but there were no significant differences in egg, eggshell, and egg content weights. Water loss was lower in eggs with drilled holes than the controls (Table 3) . No effects of embryonic age and interaction of age × treatments were observed in weekly water losses of eggs.
Experiment 3
The egg and embryo weights and survivability are shown in Table 4 . There was no significant difference in embryo weights, whereas egg weights decreased with increasing the number of holes. Water losses of eggs in each week of incubation are shown in Table 5 . There were significant effects of embryonic age and the number of holes. Water loss of eggs increased with increasing the number of holes (P < 0.05) and was higher in earlier and medium periods, and the effects of drilled holes on water loss were clear during 7 to 14 d of incubation (P < 0.05).
There was no significant difference in water contents in egg contents and embryos between drilled and control eggs (Table 6 ). The relationship between number of drilled holes and water loss at d 19 of incubation is shown in Figure 1 . Water loss was increased with increasing the number of drilled holes (P < 0.05). The significant relationship was as follows:
where Y = water loss and X = the number of holes. However, moisture contents of egg contents and embryos on d 19 of incubation were not affected by drilling holes as shown in Table 6 . Activity of 3-HADH, the enzyme involved in β-oxidation of fatty acids, was increased by increasing the number of drilled holes (P < 0.05; Table 7 
DISCUSSION
Throughout experiments 1 and 2, the effects of diameter of drilled hole were determined. Water loss during incubation increased according to the expanded diameters of holes in experiment 1. However, drilling holes at diameters of 4 and 5 mm on eggs broke the eggshell and diameters of 3 mm caused cracks on the eggshell.
In experiment 1, it was shown that the drilled hole diameter of 3 mm on the eggshell was not able to control the water loss of breeder eggs. For the study about effects of water loss, it seems that easier methods are better. Because the largest bore size that was opened easily was 2 mm, that was used.
In experiment 2, when the same size of hole was opened on the blunt end of eggshell, the mass of water loss during incubation for 19 d had no differences. Increasing the number of holes and expanding the size of the holes caused the same amount of water loss. The same level of moisture evaporated in eggs with drilled holes and windowed eggs with the same opening area. It was demonstrated that moisture evaporation was changed by several drilled holes on the blunt end of the eggshell. Drilling holes is better than windowing because it is easier. Thus, in experiment 3, changes of water evaporation and 3-HADH activity were observed using the above method.
Previous studies showed that excessive increased water loss during incubation resulted in reduction of hatchability of chicken breeder eggs (Tullett and Burton, 1982; Davis and Ackerman, 1987; Buhr, 1995) . In addition, it was shown that water loss induced developmental changes in contents of lipids and the osmoregulatory system of eggs. This indicated that water evaporation might affect metabolism of developing embryos.
The present results have brought the developing methods that can observe effects of quantity of water loss on metabolism in chicken embryos. By using methods of drilling holes on the shell for developing eggs, experiments have been able to be carried out in one incubator at once while minimizing other environmental factors, such as temperature, humidity, and light. Water evaporation increased linearly with several holes on the blunt end of eggshell and resulted in increasing 3-HADH activity. Ar and Rahn (1980) reported an inverse relationship between metabolic water production and initial fraction of solids. Metabolic water is produced mainly by oxidation of lipids (Schmidt-Nielsen, 1997). In the metabolic map, metabolic water is generated with production of l-hydroxyl acyl-coenzyme A, which is a substrate of 3-HADH. These facts indicate that water loss during incubation might affect lipid metabolism. Thus, the presented method would provide the observation of the effect of metabolic changes induced by water evaporation on embryonic development.
On the other hand, in water-stressed eggs, water contents decreased in egg contents (experiment 2) but remained constant in embryos and egg contents (experiment 3). In contrast, egg contents lost water and embryos lost weight under low-humidity incubation in the previous report (Davis and Ackerman, 1987) .
The response in egg contents in experiment 3 did not agree with Davis et al. (1988) . Initial eggs were 57.8 g, and those were 60.5 g in each treatment in experiment 2 and 3, respectively. Eggs for experiment 2 were 2 to 3 g smaller than those of experiment 3, which lost water too much. It was reported that different sizes of turkey eggs at oviposition have different relative water contents (Christensen and Bagley, 1987) . Differences in water contents of initial eggs were only 2 to 3 g, but this difference accounted for 20 to 30% of water loss, which was estimated at 5 to 10 g for 19 d during incubation. Thus, water contents in egg contents in experiment 3 were not affected by initial mass, which was greater than that of experiment 2. The eggs in the study of Davis et al. (1998) had much more water loss than those in experiment 3 of the present study. Hence, moisture in egg contents was affected by water loss in their study, although they used 62.5-g eggs (Davis et al., 1988) . The difference in embryo weight might be due to the degree of water loss in developing eggs, which was on the threshold of the lethal limit for metabolic changes. In developing eggs, the embryo could exert some regulation over its water loss to increase 3-HADH activity or change the volume of allantoic fluid. However, in case water loss increased more, the concept of embryonic regulation should not be adapted enough to maintain water contents of the embryo. Therefore, water stress reduced embryo growth.
The BW of chicks incubated at low humidity was lower than the controls until 2 wk of incubation, but not at 6 wk of age (Davis et al., 1988) . However, early stage of growth in chicks is important for the development of the immune system, physiological function, and gene expression.
It is necessary to investigate the effects of incubation humidity on nutrient condition in the early stage of chicken growth. Some studies showed that increased or decreased water loss during incubation reduced hatchability and might influence growth and development of the embryo (Simkiss, 1980; Tullett and Burton, 1982; Davis and Ackerman, 1987; Davis et al., 1988; Packard and Packard, 1993) . It was shown for goose eggs that drilled holes on the shell increased air cell partial oxygen pressure (Meir et al., 1999) . It is known for bird eggs that air cell partial oxygen or CO 2 pressure are related to respiratory function or metabolism (Chan and Burggren, 2005) .
On the other hand, several reports showed that partial pressure in the air cell affected embryonic metabolism and limited gaseous exchange between the CAM and the environment (Bruggeman et al., 2007; Everaert et al., 2008) . On d 19, the chick penetrates the air cell of the egg with its beak, and the chick then begins to breathe from the air cell. At that time, drilling holes on the shell at the blunt end may bring low CO 2 vapors resulting in subsequent lower final hatchability. In the present study, the effect of drilling treatment was evaluated until d 19 of incubation. To examine the effect of water evaporation during hatch, the method suggested in the present study is not enough to evaluate only water condition of chicken embryo. It is necessary that the water evaporation will be controlled without the influence on gas condition at air cell. In addition, the activity of enzyme indicates the condition of embryos only sampling time, whereas inner condition of developing eggs changes with embryonic age. For example, the CAM is formed around the eggshell completely after d 10 of incubation (Tolhurst, 1974) . In experiment 3, the difference in water evaporation among the number of drilled holes was observed to be larger in the first or second week of incubation. The same tendency was observed in experiment 2 but not significantly. It might be due to the fact that there was a large difference in water loss among the 3 treatments. Davis et al. (1988) suggested by using water-stressed developing eggs that the action of the CAM was an integral component of the osmoregulatory system of the chick embryo. A family of molecular water channels, aquaporins, was expressed in CAM blood vessels and increased from embryonic day 10 (Ribatti et al., 2002) .
Therefore, these reports indicated that there might be a relationship between CAM and water transport in the chicken embryo. Previous studies, including this study, were designed in all days of incubation or the latter period of incubation. Therefore, the degree of water loss at different stages during embryonic development also needs to be investigated. a-c Means with no common letters differ significantly (P < 0.05). Table 7 . Effect of the number of drilled holes at the blunt end of eggshell on the hepatic 3-hydroxy acyl coenzyme A dehydrogenase 1 Values are means ± SD for 8 embryos.
